MOLECULAR AND CELLULAR BIOLOGY, Mar. 2000, p. 1616-1625
0270-7306/00/$04.00+0

Vol. 20, No. 5

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Cubitus interruptus Requires Drosophila CREB-Binding Protein

To Activate wingless Expression in the Drosophila Embryo

YANG CHEN,'} R. H. GOODMAN," anp SARAH M. SMOLIK?*

Vollum Institute' and Department of Cell and Developmental Biology,>
Oregon Health Sciences University, Portland, Oregon 97201

Received 29 July 1999/Returned for modification 23 September 1999/Accepted 23 November 1999

CREB-binding protein (CBP) serves as a transcriptional coactivator in multiple signal transduction path-
ways. The Drosophila homologue of CBP, dCBP, interacts with the transcription factors Cubitus interruptus
(CI), MAD, and Dorsal (DL) and functions as a coactivator in several signaling pathways during Drosophila
development, including the kedgehog (hh), decapentaplegic (dpp), and Toll pathways. Although dCBP is required
for the expression of the hh target genes, wingless (wg) and patched (ptc) in vivo, and potentiates ci-mediated
transcriptional activation in vitro, it is not known that ci absolutely requires dCBP for its activity. We used a
yeast genetic screen to identify several ci point mutations that disrupt CI-dCBP interactions. These mutant
proteins are unable to transactivate a reporter gene regulated by ci binding sites and have a lower dCBP-
stimulated activity than wild-type CI. When expressed exogenously in embryos, the CI point mutants cannot
activate endogenous wg expression. Furthermore, a CI mutant protein that lacks the entire dCBP interaction
domain functions as a negative competitor for wild-type CI activity, and the expression of dCBP antisense
RNAs can suppress CI transactivation in Kc cells. Taken together, our data suggest that dCBP function is

necessary for ci-mediated transactivation of wg during Drosophila embryogenesis.

CREB-binding protein (CBP) and p300 were identified
through their interactions with phosphorylated CREB and the
adenoviral protein E1A, respectively (10, 12, 20). Since the
initial cloning of CBP/p300 and the characterization of their
coactivator functions in CREB-mediated gene activation and
E1A-mediated transformation, CBP/p300 have been shown to
be the coactivators for many transcription factors and coacti-
vators, including nuclear hormone receptors, p65, Stat, c-Myb,
c-jun, Sap-1b, c-fos, Myo-D, p53, SRC-1/NCoA-1, TIF2/
GRIP1, and p/CIP (4; for reviews, see references 31 and 36).
These interactions suggest a role for CBP/p300 in a variety of
cellular processes, including differentiation, cellular prolifera-
tion, immune response, homeostasis, tumorigenesis, and orga-
nogenesis. CBP/p300 are also the target for several other viral
proteins such as simian virus 40 large T antigen and the human
T-cell leukemia virus Tax-1 (13, 18). The current model for
transcriptional activation proposes that CBP/p300 serve as
bridging molecules between DNA-binding transcription fac-
tors and the basal transcriptional machinery. The finding that
CBP/p300 interact with components of the basal transcrip-
tional machinery, such as TFIIB, RNA polymerase, and RNA
helicase A, supports this model as well (15, 19, 23).

Recently, CBP has been shown to possess intrinsic histone
acetyltransferase (HAT) activity, suggesting that its ability to
activate transcription involves the modification of chromatin
(24). Consistent with this idea is the observation that CBP
interacts synergistically with other HAT proteins that are
thought to be actively involved in chromatin remodeling, such
as p/CAF, p/CIP, and SRC-1/NCoA-1 (32, 33, 37, 40). All of
these studies suggest that CBP integrates signals from different
second messenger pathways into specific patterns of gene ex-
pression.
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Haploinsufficiency of CBP causes Rubinstein-Taybi syn-
drome in humans, a genetic abnormality characterized by men-
tal retardation, abnormal skeletal development, and suscepti-
bility to cancers (28). Mice lacking either the CBP or p300 gene
die early in embryogenesis. Disrupting one copy of CBP in
mice results in abnormal skeletal development and a decrease
in BMP-7 expression, while heterozygous p300 mutant mice
show significant embryonic lethality (35, 41). The CBP/p300
transheterozygotes are lethal (41). Besides embryonic lethality,
these knockout animals show multiple defects in neurogenesis,
bone and heart development, and growth progress, suggesting
that CBP/p300 are involved in many developmental processes
governing cellular proliferation and differentiation (35, 41).
Thus, CBP knockouts in mammalian systems are exceedingly
complex and have not allowed an analysis of the requirement
of CBP/p300 in the regulation of specific target genes.

We have isolated a Drosophila homologue of CBP (dCBP).
Flies that are heterozygous for dCBP mutations develop nor-
mally; however, embryos that are homozygous for dCBP mu-
tations die early in development and have severe defects, such
as a twisted germ band, loss of head structures, and cuticular
defects (1). dCBP has been shown to act as a coactivator for
dorsal (dl) (2), mad (39), and cubitus interruptus (ci) (1), im-
plicating dCBP as a positive activator of at least three signaling
pathways, the Toll, decapentaplegic (dpp), and the hedgehog
(hh) pathways. The dI target gene, twist (twi), is not expressed
in dCBP-mutant embryos and when tested in tissue culture,
dCBP can potentiate DL-mediated transcriptional activation
(2). Certain dpp-regulated enhancers are not activated in
dCBP-mutant embryos, and in vitro dCBP can interact with
MAD, the transcription factor that mediates the activation of
these enhancers (39). The loss of dCBP function results in the
loss of hh target gene expression; wingless (wg) and patched
(ptc) are induced but not maintained in dCBP mutant embryos,
and dCBP mutant clones in the wing do not express ptc. Fur-
thermore, in cell culture experiments, dCBP potentiates the
transcriptional activity of cubitus interruptus (CI) (1). These
results suggest but do not prove that dCBP is required for the
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activity of the transcription factors that mediate the various
signaling cascades.

ci encodes a transcription factor responsible for transducing
the hh signal into the nucleus (3, 11, 25, 27). It is both a
transcriptional repressor and activator. The repression domain
is in the N terminus, and the activation domain maps to the C
terminus, which includes the dCBP interacting domain. There
are five highly conserved zinc fingers that are responsible for
DNA-binding activity. A proteolytic cleavage site lies C-termi-
nal to the zinc finger domain between amino acids (aa) 650 to
700 (5, 21). In the absence of a Ak signal, a substantial amount
of CI is proteolysed, generating a 75-kDa protein containing
the zinc finger domain and the N-terminal repressor domain
(5). Presumably, this form of CI migrates into nucleus, binds to
the CI binding sites in the target gene promoters, and functions
as a repressor. When cells receive an hh signal, this proteolysis
is inhibited and, through an unknown mechanism, the activator
form of CI transactivates the hh target genes, presumably by
recruiting its coactivator dCBP (1, 5).

To determine whether dCBP is absolutely required for CI
activity and to define the CI-dCBP interaction more precisely,
we performed a genetic screen to isolate point mutations in CI
that disrupt its interaction with dCBP. We show that these
mutant CI proteins cannot activate transcription in cell culture
and cannot support wg expression in embryos. Furthermore,
we demonstrate that the expression of the dCBP antisense
RNAs can suppress CI transcriptional activity in cell culture.
Taken together, these results demonstrate that dCBP is re-
quired for ci-mediated transcriptional activation of CI enhanc-
ers in cell culture and wg expression in embryos.

MATERIALS AND METHODS

Plasmid vectors. For cell culture, we used pPacS5c (kindly provided by M.
Krasnow, Stanford University School of Medicine, and K. Thummel, University
of Utah), which has the actin 5C proximal promoter to drive protein expression,
as our expression vector in Kc cells. The cloning of pPac-luciferase, pPac-PKA,
pPac-PKI, pPac-CI (wild type and m1-4), and pPac-CI protein kinase A (PKA)
mutants was as described previously (8; note that m1-4 is the same as the “null”
in this reference). The ADHCAT and ADHCAT/GLI6BS (ADHCAT with six
GLI binding sites fused upstream of ADH promoter) reporter vectors have been
described by Akimaru et al. (1). Briefly, the reporter gene ADHCAT/GLI6BS
was constructed by inserting six copies of the GLI-binding site (5'-GCGTGGA
CCACCCAAGACGAAATT-3') (16) into the Bg/II site of pAdhCAT (1, 17).
Thus, the chloramphenicol acetyltransferase (CAT) expression is driven by
6-GLI enhancers and a minimal Adh promoter. The internal deletion of CI
[CI(A)] was generated by the following procedure. The ¢i DNA fragments con-
taining aa 918 to 1020 and aa 1160 to 1349 were PCR amplified, ligated with an
engineered internal Bg/II site, and fused into the ci cDNA at the aa 918 HindIII
site and the aa 1349 Smal site. PCR sequences were confirmed by sequencing
using Sequenase (version 2.0, U.S. Biochemical [USB]). The Norl fragment
containing the dCBP ¢cDNA was blunt ended and cloned into the pPac5c BamHI
site to generate pPac-dCBP. The pPac-dCBP antisense vector was constructed by
inserting the 4.7-kb EcoRV fragment of dCBP that encodes the 5’ coding region
of dCBP (from aa 110 to 1655) into the pPac BamHI site in the reversed
orientation. Hemagglutinin (HA)- or FLAG-tagged CI constructs were made by
inserting oligonucleotides encoding HA or FLAG sequences into the Mlul site at
the fifth amino acid in CI. For yeast transformation, the pACT-CI(wt, 2.1) and
pACT-CI(m1-4, 2.1) vectors were made by ligating the HincII-EcoRI fragment
containing CI from aa 685 to 1377 with the pACT-2 (Clontech) digested with
Smal and EcoRI. These constructs are in frame with the GAL4 activation
domain in pACT-2. The pACT-CI(Awt, 2.1) and pACT-CI(Am1-4, 2.1) vectors
were made adopting the same strategy by using a CI fragment (HincII-EcoRI)
that has aa 1020 to 1160 deleted. The CI-C vector (aa 984 to 1377) was originally
detected in a two-hybrid yeast screen using dCBP (aa 835 to 1043) as the “bait”
(1). This same dCBP bait was used in these studies. For Drosophila transforma-
tion, the pUAST-CI wild-type and mutant constructs were made by inserting the
BamHI/Notl fragment containing full-length ci into the Bg/II and NotI sites of the
pUAST vector (6). The CI(m1-3) mutant refers to a CI protein that is mutant for
the three consensus RRxS PKA phosphorylation sites found in the CI activation
domain. The mutants 103 and 459 are the two mutant CI proteins that cannot
interact with dCBP.

Tissue culture and transfection. The Kc cell line is an immortalized Drosophila
embryonic cell line that is possibly a derivative of Drosophila hematopoietic cells
(9). Kc cells were maintained, transfected, and assayed for CAT and luciferase
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activities as described elsewhere (8). For immunoprecipitations, cells were grown
and transfected as described earlier (8).

Yeast two-hybrid and split-hybrid assays. The yeast two-hybrid assay was
performed as described earlier (38) with 25 mM 3-aminotriazole (3-AT) to select
for strong interactions. The yeast split-hybrid assay was performed as described
by Shih et al. (30). The construction of the yeast split-hybrid strain has been
described elsewhere (30), and the genotype is MATa/MATa, his3A200/his3A200
trp1-901/trp1-901 leu2-3,112/leu2-3,112 ade2/ade2 URA3::(LexA operator)g-TetR
LYS2::(Tet operator),-HIS3. The “bait” was the same as the one used in the
yeast two-hybrid screen. The library was made by fusing a CI fragment (aa 984
to 1377) to the GAL4 activation domain (pACT-2; Clontech). The DNA se-
quence ACG, which encodes aa 1161 in CI, was mutated to ACC by PCR to
generate a Sacll site without changing the amino acid sequence. Random mu-
tagenesis was performed as described elsewhere (30) with primers flanking the
Ncol site in the pACT-2 and the engineered Sacll site in CI. The mutagenized
PCR fragments were digested with Ncol and Sacll and ligated into pACT-CI (aa
984 to 1377). The resulting mixture of plasmids was transformed into DH5«. The
transformants were pooled together, and DNA was purified by CsCl gradient
centrifugation. The split-hybrid screen was carried out in the presence of 15 mM
3-AT and absence of tetracycline to select for noninteractors. The noninteractors
from the plates were subjected to a secondary liquid screen to identify true
noninteractors. The clones from the secondary screen were cured on minimal
glucose plates, and the library plasmids were recovered. These plasmids were
digested with Bg/II to select for full-length CI fragment, and the full-length
plasmids were transformed into the yeast two-hybrid system with LexA-dCBD as
bait to confirm that they do not interact with dCBD in the presence of 20 mM
3-AT. The true noninteractors were sequenced using the USB system according
to their protocol.

Western analysis and immunoprecipitation. Kc cells were washed twice with
phosphate-buffered saline, scraped off the plate, and resuspended in lysis buffer
containing 100 mM potassium phosphate (pH 7.8) supplemented with 1 mM
dithiothreitol. Cell extracts were made by use of three freeze-thaw cycles, fol-
lowed by centrifugation at 5,000 rpm. Equal amounts of supernatant were mixed
with loading buffer, heat denatured, and loaded on a 5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel. Fractionated cell extracts were then elec-
tronically transferred to an Immobilon-P membrane (Millipore) by using a semi-
dry transfer apparatus and reacted to antibody according to the protocol
provided by ECL Kits (Amersham). The anti-CI C-terminal antibody was pro-
vided by R. Holmgren (Northwestern University) and used at a concentration of
1:10. Immunoprecipitations were performed as described elsewhere (8).

Germ line transformation and whole-mount embryo in situ hybridization and
immunostaining. The HACI(wt), HACI(m1-3), HACI(m1-3*103), and HACI
(m1-3*459) pUAST transgenic fly lines were generated as described earlier (29,
34). At least four independent transformants were generated for each HACI
construct and tested for viability and expression with the prd-GAL4 line RG1
(42), kindly provided by D. Kalderon, Columbia University. The dual immuno-
histochemistry and in situ hybridizations of whole-mount embryos were carried
out as described earlier (7).

RESULTS

A CI protein that lacks the dCBP interaction domain is a
competitive inhibitor of wild-type CI activity in cell culture
and the expression of antisense dCBP RNAs suppresses wild-
type CI activity. We have previously shown that CI interacts
with dCBP both in vitro and in vivo (1) but have not demon-
strated that this interaction is required for the expression of
any particular target genes. CI binds dCBP in yeast two-hybrid
and glutathione S-transferase (GST) pull-down assays. The
domain in CI that interacts with dCBP has been mapped at
between aa 1020 and 1160, and the domain in dCBP that
interacts with CI is the CREB interacting domain (dCBD) that
lies between aa 835 and 1043. A schematic representation of
CI and dCBP is presented in Fig. 1. dCBP potentiates CI-
mediated transcriptional activation in S2 cells and has been
implicated as the coactivator of c¢i in vivo. To determine
whether ci absolutely requires dCBP for its activation function,
we used several approaches. The first approach was to make a
CI mutant that has the dCBP interaction domain (between aa
1020 and 1160) deleted [CI(A)] and then to assess its activity.
Because the dCBP interacting domain is located near the C-
terminal end of CI and thus C terminal to the DNA-binding
domain of CI, it is unlikely that a deletion of the dCBP inter-
acting domain would affect the more medial CI-DNA binding
activity (Fig. 1).
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FIG. 1. Schematic representations of CI and dCBP. (A) CI. The repressor
domain extends from the N terminus to aa 442. The DNA binding domain is
defined by a five-zinc-finger region from aa 442 to 621. The proteolytic cleavage
site is in the residues from aa 650 to 700, and the domain required to retain CI
in the cytoplasm is defined by aa 703 to 850. The four PKA phosphorylation sites
are located at S838, S856, S892, and T1006. The dCBP interaction domain lies
between aa 1020 and 1160, and the critical residues for the interaction are
between aa 1080 and 1090. The CI activation domain extends from aa 970 to the
C terminus. (B) dCBP. The CI interaction domain is identical to the CREB
binding domain of CBP and extends from aa 835 to 1043. The Bromodomain is
found between aa 1700 and 1943, and the activation domain is in the region of
aa 2278 to the C terminus at aa 3276.

To ensure that the deletion mutant does not interact with
dCBP, we performed binding assays in the yeast two-hybrid
system. We fused the GAL4 transactivation domain to the CI
fragment that encodes aa 685 to 1377 and includes the dCBP
binding domain [CI(wt, 2.1)]. We also generated Gal4 fusion
proteins with the CI aa 685 to 1377 fragment in which the
serine-threonine residues in the consensus RRxS/T PKA sites
had been mutated to alanine (Ser-838, Ser-856, Ser-892, and
Thr-1006) [CI(m1-4, 2.1)]. In cell culture, CI proteins that
carry these mutations are not proteolysed, and their activities
are not regulated by PKA (7, 8). We then made deletions of
the dCBP binding domain (aa 1020 to 1160) in the CI(wt 2.1)
and CI(m1-4, 2.1) constructs, CI(Awt, 2.1) and CI(Am1-4, 2.1).
All of these vectors encoding GAL4 fusion proteins were trans-
formed into the L40 yeast two-hybrid strain that has the LexA-
dCBP (aa 835 to 1043) vector as bait and LexA-driven HIS3
and lacZ as reporter genes. We also transformed L40 with the
GALACI-C (aa 918 to 1377) construct, which was originally
identified in a yeast two-hybrid screen to detect proteins that
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interact with dCBP, as a positive control. As shown in Fig. 2A,
both CI(wt, 2.1) and CI(m1-4, 2.1) interact with dCBP (aa 835
to 1043) in the presence of 25 mM 3-AT, while the deletion
mutants, CI(Awt, 2.1) and CI(Am1-4, 2.1), do not.

We then tested whether a full-length CI(A) could act as a
competitive inhibitor of CI(wt) and CI(m1-4) in Kc cells. As
shown in Fig. 2B, CI(A) has very little effect on the basal
promoter activity within the concentration range tested. How-
ever, when increasing amounts of CI(A) are cotransfected with
1 ng of CI(wt) or CI(m1-4), CI(A) effectively suppresses the CI
activity in a dose-dependent manner. CI(A) is effectively ex-
pressed in our Kc cell system as determined by Western anal-
ysis with an antibody against the C terminus of CI protein (Fig.
2B, inset). One explanation for this result is that the CI(A)
binds to the CI-DNA binding site and competes with wild-type
CI for DNA binding. Because the CI(A) does not have the
dCBP interaction domain, dCBP is not recruited to the pro-
moter region and we do not observe transcriptional activation.
However, this experiment does not rule out the possibility that
the deletion of 140 amino acids from the CI activation domain
disrupts the structure of CI to such an extent that the protein
can no longer interact with other required proteins or the basal
transcriptional machinery. To assess whether dCBP is required
for CI activity, we performed a dCBP antisense experiment.

As shown in Fig. 3, transfecting up to 8 ng of an antisense
dCBP vector that encodes antisense message for aa 110 to 1655
has a negligible effect on the basal promoter activity. However,
in the presence of CI(wt), dCBP antisense effectively sup-
presses wild-type CI activity. Antisense dCBP RNAs were also
able to suppress CI(m1-4) activity.

Identification of CI point mutations that disrupt the CI-
dCBP interaction. The deletion and antisense experiments
support the hypothesis that dCBP is required for CI-mediated
transcriptional activation. However, they cannot rule out the
possibility that antisense dCBP has a secondary effect on un-
known factors that are important for CI transcriptional activity.
Ideally, a mutation in CI that affected only its ability to interact
with dCBP would demonstrate the requirement of dCBP for
CI function. To generate point mutations in CI that disrupt the
CI-dCBP interaction, we performed a yeast genetic screen
termed the split-hybrid assay (30). The split-hybrid system is a
two-component reporter system that converts the disruption of
a protein-protein interaction into a positive selection. The first
reporter is the TetR gene that is driven by LexA binding sites.
The second reporter is the HIS3 gene that is driven by the
TetR operator sites. When a LexA binding domain is fused to
a protein that interacts with another protein fused to the VP16
activation domain (or the GAL4 activation domain), TetR is
expressed. The TetR then binds to the TetR operator sites
upstream of HIS3 and suppresses the expression of HIS3.
Thus, these yeast strains that contain interacting proteins can-
not grow on plates lacking histidine. Mutations that disrupt the
binding of the two interacting proteins, inhibit the activation of
TetR. The lower doses of TetR allow the expression of HIS3,
and yeast strains carrying these mutant proteins will grow in
the absence of histidine. Tetracycline can be used to control
LexA fusions that have intrinsic transcriptional activity and
3-AT, an inhibitor of the histidine pathway, can be used to
select for weak protein-protein interactions.

To generate mutations in CI that would disrupt the dCBP-
ClI interaction, we randomly mutagenized the dCBP interact-
ing domain in CI (aa 1020 to 1160) and cloned these mutant
fragments into pACT-CI that has the GAL4 activation domain
fused to the C terminus of CI from aa 984 to 1377. This
randomly mutagenized CI library was transformed into the
split-hybrid yeast strain that carries a vector expressing a fusion
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FIG. 2. CI deleted for the dCBP interaction domain does not bind dCBP and is a negative competitor for wild-type CI activity. (A) The domain of dCBP from aa
825 to 1043 that binds to CI fused to the LexA DNA binding domain (the “bait”) and the “prey” [pACT-2, pACT-CI(wt, 2.1), pACT-CI(m1-4, 2.1), pACT-CI(Awt,2.1)
pACT-CI(Am1-4,2.1), or pACT-CI-C (CI aa 984 to 1377)] were cotransformed into the yeast strain L40. The transformed yeast were plated on selective media in the
presence or absence of 25 mM 3-AT (see Materials and Methods). (B) A total of 100 ng of pPac-luciferase, 5 g of ADHCAT/GLI6BS, 1 pg of full-length pPac-CI
(wt), or 1 pg of pPac-CI(m1-4) and increasing amounts of pPac-CI(A) were transfected into Kc cells. CAT activities were normalized to the corresponding luciferase ac-
tivities. The data represent the means * the standard error of the mean. (Inset) Western blot showing that the CI constructs used in panel B are expressed in Kc cells

protein between the LexA DNA binding domain and the CI-
binding domain of dCBP (aa 835 to 1043). We screened 20,000
yeast transformants and isolated 500 colonies that grew in the
presence of 3-AT on HIS-selective plates. A total of 365 of the
500 colonies grew well in liquid medium in the presence of
different concentrations of 3-AT. Of these 365 yeast clones,
146 contain the full-length CI fragment, and 94 of them pro-
duce proteins that do not interact with dCBP when tested in a
yeast two-hybrid system. The majority of these 94 clones are
frameshift mutations (50), nonsense mutations (18), and mul-
tiple mutations (9). Only 10 are single or double mutations.

Seven wild-type clones escaped the screen. The 12 clones con-
taining the single, double, or triple mutations were cloned into
full-length ci, and the vectors were transfected into Kc cells.
We determined the transcriptional activities of these mutant
proteins and the ability of dCBP to augment these activities.
The results of these studies are shown in Fig. 4A and summa-
rized in Table 1. A graphic representation of the effects of
dCBP on the activities of four proteins with single mutations is
illustrated in Fig. 4B.

When 2 pg of DNA was used to transfect Kc cells, 10 of the
12 mutants that did not interact with dCBP in yeast had sig-
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FIG. 3. Expression of dCBP antisense RNA inhibits CI-mediated transcrip-
tional activation. A total of 100 ng of pPac-luciferase, 5 pg of ADHCAT/
GLI6BS, 1 pg of full-length pPac-CI(wt), or 1 pg of pPac-CI(m1-4) and increas-
ing amounts of pPac-dCBP antisense vector were transfected into Kc cells. CAT
activities were assayed 5 days after transfection and processed as described in
Fig. 1B.

nificantly decreased activity in Kc cells; two preserved more
than 50% wild-type CI activity. To determine whether the
decrease in activity was due to insufficient protein expression,
we performed a Western blot analysis of cells transfected with
the different CI mutants. All of the transfected cells expressed
full-length protein at levels comparable to or higher than cells
expressing wild-type CI (Fig. 4A, inset). Four of the seven
mutants with single amino acid changes had less than 10% of
the wild-type activity. Two of the mutations, 272 and 103,
involve residue changes to the known helix-disrupting residues
proline and glycine, respectively. The two mutations 376 and
459 are relatively benign; mutation 376 changes a leucine to a
ring histidine, and mutation 459 changes a methionine to thre-
onine. We chose one disruption mutation, 103, and one benign
mutation, 459, to further characterize the CI-dCBP interac-
tion.

Construction and analysis of CI*103 and CI*459 double
mutants that are independent of PKA regulation. The purpose
of the yeast screen and tissue culture experiments was to pro-
vide reagents to test the hypothesis that dCBP is required for
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CI function in vivo. We expected that the overexpression of CI
carrying these hypomorphic mutations in flies would be of little
consequence and would not affect endogenous wg expression.
Certainly, these mutants would have less effect on wg expres-
sion than the effect observed when wild-type CI is overex-
pressed. We generated UAS-CI transgenic fly lines and crossed
them with the prd-GALA4 line, in which the expression of the
GALA4 activator is under the control of the paired (prd) pro-
moter, to study the effect of overexpressing wild-type CI on
endogenous wg expression (7). We do not observe any abnor-
malities or changes in endogenous wg expression when the
wild-type CI is overexpressed in the prd domain (Fig. 6A and
reference 7). This suggests that, like the endogenous wild-type
ClI, the exogenous CI protein is proteolyzed to the repressor
form of the protein in the cells of the prd domain that do not
receive a hh signal. To determine whether the hypomorphic
CI*103 and CI*459 mutants could activate wg expression in the
Drosophila embryo, we needed to assess the activity of CI*103
and CI*459 in forms that could not be proteolyzed and would
thus be in an active form in the cells of the prd domain that do
not receive a hh signal.

We generated double-mutant CI constructs that have the
consensus RRxS PKA sites at Ser-838, Ser-856, and Ser-892
mutated to alanines in addition to the point mutations in
CI*103 and CI*459 [CI(m1-3*103) and CI(m1-3*459)]. We
have previously shown that when the four consensus PKA sites
are mutated, CI is no longer proteolyzed, regulated by PKA, or
regulated by hedgehog signaling to activate wg (7, 8). To use
these two double-mutant forms of CI, it was necessary to en-
sure that PKA did not negatively regulate the activity of CI
(m1-3), that dCBP could potentiate the activity of CI(m1-3),
and that the double-mutant proteins were not proteolyzed. As
shown in Fig. 5A, CI(m1-3) is 11-fold more active than CI(wt)
in Kc cells, and this activity is not affected by the addition of
the PKA inhibitor PKI. CI(wt) activity increases 10-fold in the
presence of PKI. When additional PKA is introduced, the CI
(wt) activity is suppressed threefold, while the activity of CI
(m1-3) increases almost twofold. Thus, CI(m1-3), like CI
(m1-4) (8), is no longer subject to the negative regulation of
P

The maximal activities of CI(m1-3*103) and CI(m1-3*459)
are reduced and represent approximately 20% of maximal CI
(wt) activity and only 4% of maximal CI(m1-3) activity. These
activities are similar to those of the single CI*103 and CI*459
mutants that also have approximately 20% the maximal wild-
type activity. In the presence of PKI, the activities of the
CI*103 and CI*459 mutants increase fivefold and represent
only 10% of the PKI-stimulated wild-type CI activity. The ac-
tivities of the double mutants do not increase significantly with
the addition of PKI. When PKA is added to the double mu-
tants, their activities are enhanced by three- to fourfold. The
addition of dCBP augments the activities of CI(m1-3*103) and
CI(m1-3*459), but these activities are sevenfold less than the
dCBP-enhanced activity of CI(m1-3). The decreased activities
observed for the CI double mutants are not due to low expres-
sion levels of the proteins. A Western blot probed with an anti-
CI antibody (Fig. 5B, inset) demonstrates that the Kc cells
express high levels of the mutant proteins. Although the CI
double mutants are not proteolyzed to the repressor form in
the cells (Fig. 5C), their activities are less potent compared to
the transactivation achieved with the same dose of CI(wt).

The CI double mutants cannot activate endogenous wg ex-
pression in the Drosophila embryo. We made upstream activa-
tion sequence (UAS)-HACI(m1-3), UAS-HACI(m1-3*103),
and UAS-HACI(m1-3%459) transgenic fly lines to investi-
gate the consequences of overexpressing the CI mutants that
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FIG. 4. Activities of the CI mutants in Kc cells. (A) A total of 100 ng of pPac-luciferase, 5 wg of ADHCAT/GLI6BS, and either 2 pg of pPac-FLAGCI(wt) or
pPac-FLAGCI(split-hybrid mutant) were transfected into Kc cells. CAT activities were analyzed as for Fig. 1B. (Inset) Western blot showing that the CI mutant
constructs are expressed in Kc cells. (B) CAT activities of 2 ug of the single mutation CI constructs in the presence or absence of 1 g of pPac-dCBP. A summary of

the results in panels A and B is presented in Table 1.

are defective in dCBP binding in vivo. UAS-HACI(m1-3),
UAS-HACI(m1-3*103), and UAS-HACI(m1-3%*459) lines
were crossed to the prd-GAL4 line to generate flies that ec-
topically express HA-tagged CI in the paired (prd) expression
domain. Figure 6 illustrates embryos that are double stained
for the HA epitope and wg message. Our previous findings
demonstrated that inhibition of PKA phosphorylation at Ser-
838, Ser-856, and Ser-892 abolishes CI proteolysis and in-
creases CI transcriptional activity and that, when the four con-
sensus PKA sites are mutant, CI is able to activate wg in the
absence of a HH signal (7, 8). In agreement with these studies,
the ectopic expression of HACI(m1-3) results in the ectopic

TABLE 1. Summary of the split-hybrid mutant activities in Kc cells”

Clone . % CI(wt % CI(wt)-dCBP
no. Mutation(s) activ(ity : a(ctiv)ity
289 11040T 334 0.6 ND
442 F1054L 145 1.0 ND
376 L1082H 6.1 =0.5 52*02
103 E1087G 85+0.3 10.0 = 0.7
459 M1088T 57+0.3 1.6 = 0.1
272 L1089P 55x02 16.1 =04
167 D1145G 84.6 £ 0.5 120 = 8.1
44 P1010A, H1123R 40.7 £ 0.5 31.8+0.3
66 D1047N, K1151R 54222 55231
279 D1077G, K1151R 124 = 0.7 27.8 £ 4.7
316 11083T, L1089P, 11146M 44=*03 294 = 4.6
324 E1087G, K1096R, D1098G 6.5 +0.3 225+ 1.0

“ A total of 2 pg of different CI mutant constructs compared to 2 pg of
wild-type CI activity in the absence or presence of 1 pg of dCBP, with ADHCAT/
GLI6BS as reporter and pac-luciferase as an internal control. ND, not deter-
mined.

expression of wg in the anteriormost cells of the prd expres-
sion domain (Fig. 6B). In 97.8% (266 of 272) of the embryos
counted, wg expression is expanded in the anterior cells of the
prd domains. In contrast, the overexpression of HACI(ml-
3*103) or HACI(m1-3*459) does not result in the ectopic
expression of wg. In 94.5% (357 of 378) of the HACI(m1-
3%103) and 93% (185 of 198) of the HACI(m1-3*459) em-
bryos, the levels of wg message in the prd domains are nearly
wild type compared to the neighboring segments that express
endogenous CI (Fig. 6C). While animals expressing CI(m1-3)
in the prd domains are virtually lethal (10% survival), those
expressing HACI(m1-3*103) or HACI(m1-3*459) in the prd
domains are viable.

DISCUSSION

The results of cell culture experiments have produced a
model of CBP action in which the coactivator stimulates basal
transcription by forming a molecular bridge between signal-
responsive transcriptional activators and the basal transcrip-
tional machinery (15, 19, 23, 31, 36). The discovery that CBP
has an intrinsic acetyltransferase activity suggests that by acety-
lating histones, CBP might open the nucleosomes and allow
activator access to the promoters (24). The fact that CBP can
bind additional acetyltransferases further suggests that CBP is
part of chromatin remodeling complexes (32, 33, 37, 40). Al-
though these studies have defined some of the signaling path-
ways and types of transcriptional activities that involve CBP, it
is not yet certain how CBP and its associated proteins function
in vivo. The identification of the CBP homologue in Drosophila
and the generation of mutations in the dCBP gene have iden-
tified some of the signaling pathways that use dCBP in flies.
dCBP mutant animals do not express twist, the target gene of
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FIG. 6. CI mutant for the dCBP binding cannot transactivate wg in the embryo. The brackets delineate the prd domain, and the vertical black bars represent the
domains of wg expression. The cells posterior to the domain of wg expression are not competent to express wg (14). (A) UAS-HACI/+; prd-GAL4/+ embryos have a
wild-type pattern of wg expression. Although overexpressed in cells that do not receive a HH signal, wild-type CI is regulated; it is proteolyzed in these cells to the
repressor form. The exogenous wild-type CI is not proteolyzed in the cells abutting the anterior-posterior boundary that receive an HH signal, and the presumably
full-length activated form ensures the activation of wg. (B) UAS-HACI(m1-3)/+; prd-GAL4/+ embryos. wg is misexpressed in the anterior cells of the prd domain that
express the mutant CI and do not receive an HH signal. The mutant CI cannot be phosphorylated and thus is not proteolyzed in cells that do not receive a HH signal.
The increased amount of activated CI is sufficient to ensure wg expression in these cells. (C) In UAS-HACI(m1-3%459)/+; prd-GAL4/+ embryos, the exogenous
expression of the mutant CI should stimulate wg expression in the cells that do not receive an HH signal because it cannot be proteolyzed to the repressor form of CI.
However, this is not the case. The overexpression of this mutant CI cannot activate wg to the degree seen in panel B because the ability of the mutant CI to interact
with dCBP is reduced. This phenotype is identical to that of the UAS-HACI(mI-3*103)/+; prd-GAL4/+ embryos. In each panel, embryos are stained with an anti-HA
antibody to detect exogenous CI and a wg antisense RNA probe. Anterior is left and ventral is forward.

the Toll pathway (2), wg or ptc, targets of the hh pathway (1),
or certain dpp-responsive enhancers (39). Although dCBP has
been shown to interact with the transcription factors that ac-
tivate these targets and in some cases to augment their activ-
ities, it has not been demonstrated whether dCBP is absolutely
required for the activation of these factors.

We provide here evidence that the CI-dCBP interaction is
required for the CI activation of a CI reporter in cell culture
and for wg expression in embryos. The expression of antisense
dCBP RNAs can suppress CI activity in cell culture. This
suppression is detected after 4 days, demonstrating that dCBP
has a long half-life in these cells. This result is consistent with
the fact that maternal dCBP RNAs can rescue the lack of
zygotic dCBP through embryonic development (1). To rule out
the possibility that the loss of dCBP was having a secondary
effect on proteins required for CI activity, we generated mu-
tations in CI that could not interact with dCBP and assessed
their abilities to transactivate CI targets in cell culture and the
wg target gene in embryos.

The first mutant we generated was a CI deleted for the
dCBP interaction domain. This protein cannot transactivate a
CI reporter gene and acts as an inhibitor of wild-type CI in Kc
cells. The dCBP interaction domain was defined by GST pull-
down experiments and the fact that it interacts with a dCBP
“bait” in yeast two-hybrid screens (1). While other regions of
CI may also interact with dCBP, these interactions may not be
sufficient to rescue the loss of the characterized interaction
domain. An alternate explanation of these results may be that,
in addition to deleting the dCBP interaction domain, this de-
letion ablates regions of CI that are needed to interact with the
basal transcriptional machinery. In this case, the interaction
with dCBP may only be required to enhance the activity. To
differentiate these possibilities, we used the yeast split-hybrid
system to generate point mutations in CI that would destabilize

the CI-dCBP interaction. We analyzed mutants with single
amino acid changes that are predicted either to maintain the
overall structure of the CI activation domain or to disrupt the
helical structure of the CBP interaction domain. The single site
mutations should minimize the possibility that the CI mutants
would not interact with other factors required for CI activity.

The four single site mutations that disrupt the CI-dCBP
interaction and have the lowest activity fall in the amino acid
sequence LILPDEMLQY. Mutation 376 is a lesion in the first
L residue, while mutations 103, 459, and 272 are lesions in the
E, M, and third L residues, respectively. These residues are
highly conserved in the CBP binding domain of SREBP, a
transcription factor that binds to and is activated by CBP in a
phosphorylation-independent manner (22, 26). The first L, the
M, and third L are exactly conserved, while the two similarly
charged D and E residues are switched. This comparison sug-
gests that this motif will be important for protein binding to
CBP.

The CI mutation CI*459 is a change from methionine to
threonine and is least likely to disrupt the conformation of the
CI activation domain. In contrast, CI*103, changes a charged
glutamic acid residue to a glycine. This mutation may interfere
with dCBP binding either by changing a critical charge inter-
action or by disrupting the helical structure of the dCBP bind-
ing domain. Although neither protein binds dCBP in the yeast
two-hybrid assay, both behave as hypomorphs in transient-
transfection assays and have a maximal activity that is 20% of
the maximal wild-type CI activity. That these mutations do not
result in a complete loss of CI function suggests that they
destabilize the CI-dCBP interaction and lower the affinity of CI
for dCBP or that CI interacts with other dCBP residues and
this secondary interaction(s) can allow some mutant CI activ-
ity. It is possible that the 103 and 459 mutations disrupt the
interaction between CI and a factor other than dCBP and that
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this interaction is more critical to CI function than the CI-
dCBP interaction. If so, one would expect that increases in the
dosage of dCBP would not affect the mutant protein activity.
This is not the case. Increasing the amount of dCBP can aug-
ment the activities of CI*103 and CI*459, although these ac-
tivities are 10-fold less than those seen when dCBP coactivates
wild-type CI. The results of these studies do not rule out the
possibility that the dCBP interaction domain interacts with
other factors, but they do support the hypothesis that the
dCBP interaction with CI is required for wild-type CI function.

We next wanted to determine whether these mutant proteins
could activate an endogenous CI promoter. In the cell culture
assays we utilize an artificial promoter with multiple CI binding
sites and assess the ability of the bound CI to recruit a specific
coactivator. The CI-dCBP interaction may be crucial to the
transactivation of these artificial promoters but not be essential
on an endogenous promoter. The CI mutants behave as hypo-
morphs, and we would not expect to see a loss of activity in a
background of wild-type CIL. Therefore, we needed to assess
the activities of the CI mutants in cells where wild-type CI is
inactive. We took advantage of our finding that mutations in
the four consensus RRxS/T PKA sites prevent proteolysis of CI
and result in the transactivation of wg in cells that do not
receive an HH signal (7, 8). We thus generated CI double
mutants that carry the 103 and 459 lesions in the dCBP inter-
action domain and mutations in the three PKA phosphoryla-
tion sites.

The CI(m1-3) mutant behaves in the same manner as the CI
(m1-4) mutant; its activity is not affected by the addition of the
PKA inhibitor PKI and is enhanced twofold by additional
PKA. This twofold activation suggests that there is a second-
ary, positive effect of PKA on CI activity; however, it is not
significant in cell culture and cannot be detected in vivo (7). As
with CI(m1-4), CI(m1-3) can transactivate the endogenous wg
promoter in the anterior cells of the prd domain that do not
receive an HH signal.

The CI double mutants behave in a manner consistent with
their lesions. Their activities are severely reduced, are not
affected by the presence of PKI, and are only mildly enhanced
by additional PKA. When expressed in the prd domain, the CI
double mutants cannot misexpress endogenous wg in the an-
terior cells that do not receive a HH signal. Thus, the CI-dCBP
interaction is required for the CI-mediated activation of en-
dogenous wg expression. Obviously, we will want to assess the
role the CI-dCBP interaction at other CI target genes in var-
ious tissues during development. To determine the role of
dCBP in signaling, it will be important to define which factors
and promoters require dCBP and which are augmented by
dCBP function.
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